PURPOSE. To assess reliability and agreement among three metrics used to evaluate the distribution of cell distances in adaptive optics (AO) images of the cone mosaic.
A daptive optics (AO) retinal imaging has enabled direct visualization of the cone mosaic and measurement of density, spacing, and packing arrangement of cones in normal eyes and eyes with retinal diseases. [1] [2] [3] Because an increasing number of studies is providing descriptive information about the integrity and pathologic change of the retinal cone mosaic using various approaches, it is of clinical importance to understand whether the results from different studies can be reliably compared. [4] [5] [6] [7] [8] In previous work, 9, 10 we evaluated the agreement of density and packing arrangement of cones between sampling areas of different size and geometry. The results from normal eyes have shown that caution is needed when comparing cone density evaluated in sampling areas of different sizes (the average difference can reach 10% between 320 3 320 lm and 64 3 64 lm sampling windows) 9, 10 ; the packing arrangement of cones by Voronoi analysis has been shown to be minimally affected by window size. The primary advantages and drawbacks of these metrics have been previously discussed. 2, 5, 6, 9, 10 Cone density analysis creates strict demands on image quality because it requires that all cones within the region of interest be identified. For this reason, manual inspection of the cones in each image is highly recommended to minimize errors. 2, 5, 9, 10 In addition, the moderate to high variability of cone density even in healthy adults may make this metric insensitive to small deviations from normal. 2, 8 The limit of Voronoi analysis is related to the accuracy of the cone identification algorithm, the manual reselection of the unidentified or misidentified cones, and the ''boundary effect,'' which is an apparent distortion of the Voronoi mosaic due to the exclusion of cones beyond the sampling window, the effect of which increases as the sampling window decreases. 9, 10 It has been previously shown that the cone detection algorithm that segments the cone aperture, rather than only identifying the cone centroid position, is the most accurate approach for identifying the cones. 11, 12 Despite broad use of spacing metrics in clinical studies, there have been few evaluations of the reliability and agreement among various metrics. 13 Overall, cone-spacing analysis is less affected by image quality variations than cone density, because these methods do not require identification of every cone within the region of interest. 2, 4, 5, 7, 14 For this reason, spacing metrics can be less prone to errors than cone density when tracking disease progression or response to treatment in eyes with retinal diseases, in which cones may be poorly imaged due to loss of wave-guiding property or missing cells. 4 However, there is no supporting evidence that conespacing metrics alone may provide a robust measurement for comparison among eyes (or even the same eye over time) in clinical studies. 2, 4, 13, 14 Most studies have used two main methodologies to estimate the spacing of cells in AO images of the cone mosaic: the density-count method and the distribution-of-distances methods. The center-to-center spacing (S cc ) has been one of the most widely adopted measures of cell spacing in studies of the retinal mosaic. [15] [16] [17] The S cc is based on the density-count method, which is derived from the number of cones per unit area. The distribution-of-distances methods are assumption free and provide estimates of both central tendency and variation. These methods include the nearest neighbour distance (NND), the local cone spacing (LCS), and the nearest-neighbor cone spacing extracted from the Density Recovery Profile (DRP), which has been recently termed Density Recovery Profile Distance (DRPD). 13, [18] [19] [20] The scope of the present work was to assess the reliability and agreement of three spacing metrics, such as S cc , LCS, and DRPD, for evaluating the distribution of cell distances in AO flood illumination images of the parafoveal cone mosaic. The metrics were calculated over two different sampling areas to evaluate the effect of window size on cone-spacing estimates. To evaluate the influence of cell reflectivity loss and conepacking arrangement abnormalities on spacing metrics, the dataset included AO images acquired from healthy adult subjects and patients with a diagnosis of acquired or inherited retinal diseases.
METHODS
All research procedures described in this work adhered to the tenets of the Declaration of Helsinki. The protocol was approved by the local ethical committee (Azienda Sanitaria Locale Roma A, Rome, Italy) and all subjects recruited gave written informed consent after a full explanation of the procedure. Inclusion criteria were an age >18 years, and no previous eye surgery, eye inflammation, glaucoma, or cataract; in addition, control subjects were required to have no history or presence of systemic diseases. Subjects recruited for the study received a complete eye examination, including noncontact ocular biometry using the IOL Master (Carl Zeiss Meditec, Inc., Jena, Germany).
Human Subjects
Twenty healthy volunteers (age 33 6 9 years; range 23-54 years; sex: 15 female and 5 male), and 12 patients with retinal diseases (age 41 6 10 years; range 23-59 years; sex: 10 female and 2 male) were recruited in this study (Supplementary Table  S1 ). The latter participants included subjects with a diagnosis of diffuse cuticular drusen and a family history of AMD (drusen; n ¼ 2), 21, 22 nonproliferative diabetic retinopathy (NPDR; n ¼ 4) according to severity on the Early Treatment Diabetic Retinopathy Scale, 23, 24 retinitis pigmentosa (RP; n ¼ 4; USH2A gene mutation), Best macular dystrophy (Best; n ¼ 1; BEST 1 gene mutation), and occult macular dystrophy (OMD; n ¼ 1; RP1L1 gene mutation). 25 These participants were enrolled in this study to have a dataset of AO images of the cone mosaic with increasing amount of cell loss and variable abnormalities in the packing arrangement of the cones.
Image Acquisition and Processing
A flood-illuminated AO retinal camera (rtx1; Imagine Eyes, Paris, France) was used to collect images of the cone mosaic on 20 healthy subjects and 12 subjects with various retinal diseases. The imaging session was conducted after dilating the pupil with one drop of 1% tropicamide. During imaging, fixation was maintained by instructing the patient to fixate on the internal target of the instrument moved by the investigator. At each retinal location, a sequence of 40 frames (rate: 9.5 frames per second) was acquired by illuminating a retinal area subtending 4 degrees of visual angle in the right eye of each subject; images were acquired at several locations in the central retina covering an area of 5 3 4 degrees centered on the preferred locus of fixation (PRL; coordinates x ¼ 08 and y ¼ 08 and here used as the foveal reference point).
A proprietary program from the manufacturer has been used to correct for distortions within frames of the raw image sequence and to register and frame-average to produce a final image with enhanced signal-to-noise ratio before further analysis. In this study, two sampling areas of different size (64 3 64 lm and 204 3 204 lm) were cropped from each final image at 1.5 degrees superior and 2.5 degrees temporal from the PRL. The two eccentricities were chosen to be a compromise between the resolution limit of the instrument, which does not allow all the cones to be resolved too close to the fovea, and the presence of rods, which alter the cone relative spacing enough to be detectable by the instrument when further than 4 degrees from the fovea.
The nonlinear formula of Drasdo and Fowler 26 and the Gullstrand schematic model eye parameterized by the biometry measurements (corneal central curvature, anterior chamber central depth, axial length) were used to convert each final image from degrees of visual angle to micrometers on the retina. 27 The corrected magnification factor (RMF corr ) was calculated for each eye to correct for the differences in optical magnification and thus retinal image size between eyes, as previously described. 9, 10, [24] [25] [26] [27] Image cone labeling was automatically performed using an enhanced version of the algorithm implemented with the image processing toolbox in Matlab (The Mathworks, Inc, Natick, MA, USA). 9, 10, 23, 24, 28 Cones were identified independently in each sampling window. The cone identification algorithm's performance was verified by three expert investigators (DG, LM, ML), who reviewed each sampling area and manually identified cones that they agreed to be missed or selected in error by the algorithm. This procedure ensured that the number of excluded cones was minimized. A buffer zone was created in each sampling window to minimize the boundary effect for packing geometry metrics. 9, 10 The x,y coordinates of the cones in each sampling window were then stored in a text array and used to calculate the cone metrics.
Density and Packing Arrangement Metrics of the Cone Mosaic
Cone counts were converted into local densities by calculating their number per square millimeter (cones per mm 2 ). The cone packing arrangement was analyzed using Voronoi diagrams. 9, 10, 29, 30 The Voronoi tessellation was implemented by the voronoi Matlab function from the bidimensional coordinates of labeled cones, as previously described. 9, 10, 24, 29 The Voronoi regions lying at the bounds of each section were excluded from further analysis, creating a buffer zone ¼ 2 NND to minimize the boundary effect. The number of Voronoi tiles with six sides (6n) was divided by the total number of bound Voronoi tiles within each sampling area and expressed as a percentage.
Spacing Metrics of the Cone Mosaic
Three metrics were used to describe the distribution of cone distances:
1. The S cc was determined from cone density using the following expression:
where D is the number of cones per square millimeter. Because the method assumes an exact relationship between cone density and spacing, the cones are expected to be arranged in triangular lattice (this metric was also termed minimum S cc ). [15] [16] [17] 29 It is equivalent to the metric S used by Chui et al. 15 and S(x,y) used by Li et al. 16 Care should be taken to avoid regions of missing data (e.g., large blood vessels, image boundary) or defects in the image to avoid overestimating the spacing distribution of cones. 2. The LCS was determined by calculating the average of the minimum distances from the center of a given cone to the centers of six neighboring cones within an area of 12 pixels (9.6 lm) diameter (i.e., almost twice the size of the cone at both retinal locations). 24 The LCS has been developed to minimize the known limits of NND in estimating the mosaic spacing. Indeed, the NND takes into account only the nearest of each cell's known neighbors, regardless of its distance; therefore, it can be strongly influenced by very large NNDs of isolated cells, which decrease its sensitivity to represent the distribution of cell distances in retinal diseases. 13 3. The DRPD was derived from the DRP reconstructed from the autocorrelogram. 18 The spatial autocorrelogram was generated by superimposing the distribution of all cells in a sampling area using each cell in the area in turn as the reference cell. To determine the nearestneighbor cone distance, the DRPD was calculated as the first local maximum of the DRP created from the autocorrelogram with maximum radius ¼ one-fifth of the image dimension and a series of annuli of 1-lm width. The width of each bin was determined from equation 16 in Rodieck, 18 under assumption of having a reliability factor value of 5 and 4 for healthy subjects and patients with retinal diseases, respectively. The bin's width was accordingly 1 lm in the two populations. The DRPD takes into account all of a cell's neighbors up to a limited distance that depends on the shape of the DRP, which is a graphical representation of spatial behavior derived from the spatial autocorrelogram. 18 It is equivalent to the nearest-neighbour cone spacing determined from the DRP in previous studies. 4, 14 Nevertheless, the DRP provides a different measure than the NND and a more complete overview of the spatial arrangement of the cone mosaic; its estimates are based on all of the other points about a given point, rather than just one. FIGURE 1. Adaptive optics images of the parafoveal cone mosaic in patients with retinal diseases and healthy subjects acquired at 1.5 degrees superior and 2.5 degrees temporal from the fovea. The photoreceptor mosaic in patients with retinal diseases showed variable cell loss and abnormalities in the packing arrangement of the cones with respect to healthy subjects. The sampling area subtends 64 3 64 lm. Data from participants are summarized in Supplementary Table S1 .
Statistics
Data were expressed as mean 6 SD. Statistics were performed using the SPSS software (version 17.1; SPSS, Inc., Chicago, IL, USA) and Matlab (version R2013a; The Mathworks, Inc., Natick, MA, USA).
The sample size was calculated to detect a mean difference in cone density of 2500 cones/mm 2 (SD ¼ 2500 cones/mm 2 ) between healthy subjects and patients with retinal diseases (2:1 allocation) with a two-sided significance level of 5% and a power of 82%.
The intraclass correlation coefficient (ICC; two-way, random-effects model) was calculated to estimate the absolute agreement between each pair of spacing metrics in the two sampling areas for each study group. The correlation and Bland-Altman analysis were used to assess the 95% limits of agreement (LoA) between the pair of spacing metrics that have shown high absolute agreement (ICC > 0. 7) , and between the values of each spacing metric extracted from the two sampling areas.
The differences between the spacing metrics of the two study groups was evaluated using the nonparametric MannWhitney U test.
RESULTS

Cone Density and Packing Arrangement
Over a 64 3 64-lm sampling area, the cone densities at 1.5 degrees and 2.5 degrees retinal eccentricities in healthy subjects were 32281 6 2281 cones/mm 2 and 29411 6 2147 cones/mm 2 , respectively ( Fig. 1) . Cone density in patients with retinal diseases was on average 26% 6 3% (range from 2% to 65%; P < 0.001) lower than in healthy subjects.
Over a 204 3 204-lm sampling area, the cone densities at 1.5 degrees and 2.5 degrees from the PRL in healthy subjects were 31,494 6 2489 cones/mm 2 and 28,703 6 1822 cones/ mm 2 , respectively (Fig. 2) . Cone density in patients with retinal diseases was on average 16% 6 5% (range from 1% to 58%; P < 0.001) lower than that in healthy subjects.
The average percentage of six-sided Voronoi tiles was almost constant across different sampling areas in either study groups. In healthy subjects, the 6n Voronoi average ranged from 50% to 45% for 1.5 degrees and 2.5 degrees, respectively. In patients with retinal diseases, the average 6n Voronoi tiles were significantly lower than control values (P < 0.05), except for values calculated in 204 3 204-lm sampling areas at 2.5 degrees retinal eccentricity (P ¼ 0.14). Cone density and percent of six-sided Voronois for all cases are shown in Table 1 .
Cone Spacing Metrics
In healthy subjects, the values of all spacing metrics increased with increasing eccentricity and showed high consistency between the two different sampling areas; S cc ranged from 5.99 6 0.21 lm to 6.35 6 0.24 lm from 1.5 degrees to 2.5 degrees from the fovea, respectively; LCS ranged from 6.12 6 0.18 lm to 6.41 6 0.18 lm, respectively; and DRPD ranged from 5.80around the mean values, which was caused by the abnormal and variable distribution of distances between cells across the parafoveal retinal locations in the disease population ( Table 2 ).
The differences of S cc and LCS values between healthy subjects and patients with retinal diseases were statistically significant (P 0.01) in both sampling areas at both retinal eccentricities, except for the LCS values measured in the 204 3 204-lm-area at 2.5 degrees retinal eccentricity (P ¼ 0.27). This result was consistent with the distribution of 6n Voronois between healthy and pathologic cases in the same area (see Table 1 ). The differences of DRPD values between healthy subjects and patients with retinal diseases were not statistically significant in any case. The ICC analysis between each pair of spacing metrics is summarized in Table 3 .
In healthy subjects, the correlation between S cc and LCS was high over both sampling areas (R 2 ¼ 0.75, P < 0.001; and R 2 ¼ 0.88, P < 0.001, over 64 3 64 lm and 204 3 24 lm, respectively) ( Figure 3 ). In patients with retinal diseases, the correlation between S cc and LCS was poor over both sampling areas (R 2 ¼ 0.018, P ¼ 0.53; and R 2 ¼ 0.25, P ¼ 0.014, respectively).
The 95% LoA was slightly influenced by window size; the agreement between S cc and LCS values over 204 3 204-lm areas was greater than 64 3 64 lm areas (Fig. 3) . This was associated with the greater percentage of 6n Voronois in patients with retinal diseases over a 204 3 204-lm sampling window.
Influence of the Sampling Area on S cc . The S cc values calculated over sampling areas of different sizes showed high correlation both in healthy subjects (R 2 ¼ 0.84, P < 0.001) and patients with retinal diseases (R 2 ¼ 0.66, P < 0.001). On the other hand, the distribution of data points in the Bland-Altman plot showed that agreement was poor for S cc values estimated from cone mosaics with more than 30% cone reflectivity loss (Fig. 4) .
Influence of the Sampling Area on LCS. The correlation between LCS values of the two sampling areas was high in healthy subjects (R 2 ¼ 0.76, P < 0.001) and moderate in patients with retinal diseases (R 2 ¼ 0.46, P < 0.001) at both retinal eccentricities (Fig. 5) . The 95% LoA showed scattered values around the bias line that tended to increase as the average LCS value increased.
Influence of the Sampling Area on DRPD. The correlation of DRPD values between the two sampling areas was moderate in healthy subjects (R 2 ¼ 0.59, y ¼ 0.659x þ 2.02, P < 0.001) and low in patients with retinal diseases (R 2 ¼ 0.34, y ¼ 0.419x þ 3.466, P ¼ 0.003) at both retinal eccentricities. Both the scatter plot and the Bland-Altman plot (not shown) did not evidence any difference in the distribution of data points between healthy subjects and patients with retinal diseases.
DISCUSSION
We evaluated the agreement among three metrics currently used to describe the distribution of distances between cones in AO images of the cone mosaic. A group of healthy subjects and a group of patients with different retinal diseases and variable loss of cone reflectivity (from 2% to 65% with respect to healthy photoreceptor mosaic) were included in the study to understand if S cc , LCS, and DRPD, which have been calculated over sampling areas of different size, could be used interchangeably in clinical studies.
Both S cc and LCS were able to discriminate between healthy subjects and patients with retinal diseases; on the other hand, DRPD did not reliably detect any abnormality in the distribution of distances in the study population. This is related to the fact that this metric is calculated from the shape of the DRP, which remains unchanged even for large undersampling (only the vertical scale, i.e., cone density, is influenced by cell loss). 18 Previously, Cooper et al. 13 showed, in simulated Adaptive Optics Scanning Laser Ophthalmoscopy (AOSLO) images of the cone mosaic, that the DRPD was remarkably insensitive to undersampling of cone coordinates, being unable to classify as pathologic mosaics with up to 60% loss of cone reflectivity. In the same study, 13 the authors found that NND was also insensitive to undersampling (up to 50%). Therefore, the use of single spatial metrics based on DRPD or NND would not be clinically valuable to accurately discriminate between healthy and pathologic photoreceptor mosaics. To overcome this major limit of NND in evaluating the distribution of cell distances in a human retinal cone mosaic, we previously developed the LCS metric. 24 In this study, the S cc and LCS were highly correlated and could be used interchangeably without incurring any methodological error until 20% to 25% of the cones in the given mosaic have been lost (e.g., cases with hard drusen and NPDR in this study). However, both correlation and agreement between this pair of spacing metrics dropped when cell reflectivity loss was ‡30%, primarily when comparison was made in 64 3 64-lm sampling areas (e.g., cases with inherited retinal dystrophies). In this study, cases with retinal diseases had significantly fewer six-sided Voronois than healthy cone mosaics, as expected, because lattice quality diminishes with disease progression (as well as with retinal eccentricity even in healthy subjects). 13, 17, 24 The S cc , which provides a single-point estimate without a measure of variation and assumes an ordered lattice, is more prone to overestimating the integrity of the cone mosaic in retinal diseases than LCS. On the other hand, LCS alone may lose the sensitivity to detect small deviations from normal (<20% undersampling, as for example in hard drusen and NPDR cases in this study). Because the methodology of calculating LCS also indirectly provides estimates of both the SD and mean of the distances between cells, the use of their ratio, previously termed Linear Dispersion index, 24 has been shown to achieve enough sensitivity to evaluate the averaged distribution of cell distances across the parafovea in controlled clinical study.
The influence of the sampling window size was relevant for the analysis of intercell distance in AO images of the cone mosaic, possibly because photoreceptor loss is variable across areas of the retinal mosaic as well as among retinal diseases. Overall, the choice of the window size should avoid poor sampling. The use of smaller sampling windows, such as the conventional 64 3 64-lm area, allows for a local analysis of the integrity of the cone mosaic, whereas the use of larger areas, such as 204 3 204 lm, may lead to overestimating the integrity of the retinal mosaic, probably because of the presence of healthy domains of the cone mosaic in the area of analysis. As shown in Figures 4 and 5 , the use of smaller sampling areas would be preferable for tracking disease progression when using S cc and LCS (and possibly NND). If data analysis were carried out over large sampling areas, the complementary use of more than one metric to describe the spatial arrangement of the cones would be preferable. We have already shown that the pathologic decrease of cone density in adult subjects, even when density falls within normal limits, induces abnormal changes in the arrangement of the cones; 24 therefore, the The spacing metrics examined in this work do not represent the full list of metrics for evaluating the distribution of cell distances of a retinal mosaic. Several other metrics have been generated from the point coordinates of cells or directly from the AO image of the cone mosaic, such as those based on analysis of the Fourier spectrum of the image. 13, [32] [33] [34] [35] [36] [37] [38] [39] Currently, the main limit of any metric describing the spatial position of the cones is related to the correct cell identification. As disease progresses, cell loss and disorder in cell spacing increases, which in turn decreases resolution by distorting the AO image of the cone mosaic. Accurate cone identification and segmentation is required to minimize methodological errors. 2, 9, 10, 12, 13 The present AO images were acquired at 1.5 degrees superior and 2.5 degrees temporal from the PRL and the results from the FIGURE 3. (A) Correlation between LCS and S cc in 64 3 64 lm sampling areas. Data were aggregated from 1.5 degrees and 2.5 degrees retinal eccentricities. In healthy subjects, the correlation between LCS and S cc was high (R 2 ¼ 0.75, y ¼ 0.846x þ 1.082, P < 0.001); almost all values (85%) were on the bisector (y ¼ x, R 2 ¼ 1). In patients with retinal diseases, the correlation between LCS and S cc was very low (R 2 ¼ 0.018, y ¼À0.028x þ 6.733, P ¼ 0.53); the patients with advanced stages of inherited retinal dystrophies (OMD and RP) and diffuse loss of cone reflectivity ( ‡30%) primarily contributed to the decreased correlation between this pair of spacing metrics. (B) Correlation between LCS and S cc in 204 3 204 lm sampling areas. In healthy subjects, the correlation was high (R 2 ¼ 0.89, y ¼ 0.859x þ 0.946, P < 0.001); 95% of the LCS and S cc values were on the bisector. In patients with retinal diseases, correlation between LCS and S cc was low (R 2 ¼ 0.25, y ¼ 0.171x þ 5.433, P ¼ 0.01). (C, D) Bland-Altman plots of S cc and LCS values calculated over 64 3 64 lm and 204 3 204 lm sampling areas respectively. Although the agreement between this pair of spacing metrics was high in the 64 3 64 lm area, the use of greater sampling areas further increased agreement between metrics. The symbols are described in the plot. present work cannot be directly extended to different areas of the retina. In previous studies, 10, 16, 40 the PRL was found to deviate, on average, 27 6 15 lm from the foveal center, and the displacement of the PRL to foveal center was not correlated with SEr or AxL. Coregistration of AO images with OCT crosssection images would be desirable in clinical studies to avoid variation in determination of eccentricity caused by compromised vision that may have the PRL away from the anatomic foveal center. It was also outside the scope of this work to determine the best spacing metric to be used in clinical In healthy subjects, the correlation was high (R 2 ¼ 0.84, y ¼ 0.924x þ 0.541, P < 0.001), with 85% of S cc values that were on the bisector. In patients with retinal diseases, the correlation was moderate (R 2 ¼ 0.67, y ¼ 0.517x þ 3.088, P < 0.001); the patients with advanced stages of inherited retinal dystrophies (OMD and RP) and diffuse loss of cone reflectivity ( ‡30%) contributed to decrease the overall correlation between S cc values taken over sampling areas of different sizes. (B) Bland-Altman plot of S cc values. The outliers in the Bland-Altman plot are represented by three patients (OMD, RP1, and RP4; see Supplementary Table S1 ) who had the lowest cone density in the study population. Data were aggregated from 1.5 degrees and 2.5 degrees from the fovea. The symbols are described in the plot. studies. Overall, as cone density and packing arrangement of the cones deviate from normal expected values, S cc is less reliable than LCS to determine the distribution of cell distances in the human photoreceptor mosaic. The complementary use of density, spacing, and regularity metrics is valuable to increase the sensitivity of each descriptor for evaluating small deviations of the cone mosaic from the normal expected packing density arrangement. 13, 24, 25, 29, 31 The use of other AO imaging modalities, such as nonconfocal split-detector based AOSLO, would enhance the identification of cell loss over other confocal or nonconfocal techniques. 2, 41 For this reason, we preferred using the term loss of cone reflectivity instead of cone loss. Comparing the results of cone metrics calculated on images of the same mosaic collected by different AO imaging modalities would be valuable to understand differences between instruments.
In conclusion, the sampling window size and the method used for evaluating the distribution of cell distances in AO images of the human retinal cone mosaic should be considered when comparing spacing metrics between clinical studies.
